BACKGROUND/OBJECTIVES: The assessment of urinary excretion of specific nutrients (e.g. iodine, sodium) is frequently used to monitor a population's nutrient status. However, when only spot urines are available, always a risk of hydration-status-dependent dilution effects and related misinterpretations exists. The aim of the present study was to establish mean values of 24-h creatinine excretion widely applicable for an appropriate estimation of 24-h excretion rates of analytes from spot urines in adults. SUBJECTS/METHODS: Twenty-four-hour creatinine excretion from the formerly representative cross-sectional German VERA Study (n = 1463, 20-79 years old) was analysed. Linear regression analysis was performed to identify the most important influencing factors of creatinine excretion. In a subsample of the German DONALD Study (n = 176, 20-29 years old), the applicability of the 24-h creatinine excretion values of VERA for the estimation of 24-h sodium and iodine excretion from urinary concentration measurements was tested. RESULTS: In the VERA Study, mean 24-h creatinine excretion was 15.4 mmol per day in men and 11.1 mmol per day in women, significantly dependent on sex, age, body weight and body mass index. Based on the established 24-h creatinine excretion values, mean 24-h iodine and sodium excretions could be estimated from respective analyte/creatinine concentrations, with average deviations o10% compared with the actual 24-h means. CONCLUSIONS: The present mean values of 24-h creatinine excretion are suggested as a useful tool to derive realistic hydrationstatus-independent average 24-h excretion rates from urinary analyte/creatinine ratios. We propose to apply these creatinine reference means routinely in biomarker-based studies aiming at characterizing the nutrient or metabolite status of adult populations by simply measuring metabolite/creatinine ratios in spot urines.
INTRODUCTION
Epidemiological population-based studies frequently aim to estimate dietary intakes of nutrients or dietary components. Regarding this, the classic dietary assessment methods such as dietary records, food frequency questionnaires or 24-h diet recalls entail a number of limitations such as reporting biases, inappropriate data in food composition tables, daily variations in food intake and so on. 1, 2 Therefore, biomarkers of nutrient intake that can be more objectively measured and quantified, for example, in urine samples, provide a favourable alternative to self-reports. However, in large epidemiological studies, it will be only feasible to collect spot urines, if any, as the collection of the so-called 'reference standard', that is, complete 24-h urines, deserves intensive efforts and is mostly not practicable to conduct with the current means in larger numbers because of the high cost and the huge demand on the motivation of participants. Furthermore, the reliability of a 24-h urine collection highly depends on its completeness, a condition that, especially in freeliving individuals, may be difficult to guarantee. 3 Spot-urine concentrations are known to be highly dependent on fluid intake. Simply relating the analyte concentration value to an expected 24-h urine volume to overcome this dependency is, in general, not a promising approach as the daily variability of fluid intake and excretion is high. Further, seasonality and temperature dependency of mean fluid intake, or even differences in fluid intake between age groups in one population, 4 make such calculations very uncertain. 5 In view of this situation, different methods to control for this dilution uncertainty have been suggested in the past. [5] [6] [7] Vought and London were one of the first who recommended adjusting spot-urine measurements for creatinine, [8] [9] [10] owing to its relatively constant excretion throughout the day, and within and across populations. Ethnicity, age, sex, body weight or composition and health status are important determinants of daily creatinine excretion. Meanwhile, for adults, various creatinine adjustment approaches have been suggested and applied with quite varying results regarding the assessment of their applicability. [11] [12] [13] In children, anthropometry-based (i.e. body weight-corrected) age-and sex-specific creatinine reference values to estimate 24-h analyte excretion rates have been shown to generate valid estimates, 5,14-17 despite body composition varies highly, especially during growth in children and adolescents. For adults, to our knowledge, a universally applicable, anthropometry-based 24-h creatinine reference tool is missing so far.
Therefore, the aim of the present study was (1) to give an overview on, so far, existing 24-h creatinine values, (2) to generate mean anthropometry-based age-and sex-adjusted 24-h creatinine excretion values for Caucasian populations and (3) to study the relevance of body mass index (BMI) as further anthropometric information in addition to body weight for the application of creatinine values.
MATERIALS AND METHODS

Twenty-four-hour creatinine excretion values: literature research
To identify already existing mean 24-h creatinine excretion values, at first, a literature research in PUBMED was performed. The search for the following combination of keywords 424-h or 24 h, urinary, creatinineo provided n = 4778 suitable matches (June 2014). After scanning all titles, 48 articles of potentially relevant literature remained. Exclusion criteria used were as follows: no adults, no healthy study population, animal or cell studies and studies related to medications or pharmacokinetics. From the abstracts of these 48 articles, 14 were identified, which-according to the abstractcould provide mean 24-h creatinine values or formulas for the estimation of 24-h creatinine reference means. These 14 articles were searched in detail for suitability. Those (n = 7) that did not present its own creatinine data but used data from the literature were subsequently excluded. Four other studies gave formulas to predict 24-h creatinine excretion estimates, however they were derived from non-Caucasian populations 7, 18, 19 or adjusted from the original Cockcroft and Gault equation, 20 which was estimated from creatinine clearance only in males. 5 Finally, only three studies remained for further specific analysis (see Table 1 ).
VERA Study: data basis for the generation of mean 24-h creatinine excretion values
Between 1986 and 1988, a representative sample of 24 632 persons of the Federal Republic of Germany living in 11 141 households took part in the first National Food Consumption Survey, 21, 22 documenting and analysing nutrition behaviour and physical activity by 7-day records and personal interviews. From this population, a representative subsample of 2006 persons aged 18-88 years was taken randomly and a 24-h urine sample was collected from each subject (Cooperative Study: Nutrition Survey and Risk Factors Analysis, VERA; see Supplementary Information). 23, 24 The original diet and health survey from which the data and information used in the present study were obtained had ethical approval from the commissioning Federal Ministry of Research and Technology, the Institutional Review Board of the Faculty of Nutritional Sciences, Justus-Liebig-University Giessen, Germany and the Scientific Advisory Council of the VERA Study. Urine collection, over a 24-h period, was carried out on one of the days of dietary recording; subjects were instructed by the interviewer how to perform 24-h urine collection. Completely collected frozen urine samples were directly transported to the laboratory for analysis. Remaining samples were stored at o − 80°C. Twenty-four-hour creatinine excretion was measured by the Jaffé method. In 115 subjects, relevant urine measurement values (e.g. urine volume, creatinine) were missing. In 269 subjects, the urine collection time was not in the range of 1200-1560 min. In 118 subjects, 24-h urine creatinine was below 0.1 mmol/ kg per day. 17 In two subjects, 24-h urine volume was below 300 ml, and in one subject, body weight was missing. After excluding 38 subjects who were below 20 years of age, the final data sets included the data of 1463 subjects (women: 58.2%; proportion of women in the initial VERA sample: 57.0%; in the German population (1986) (1987) (1988) Databases for testing the applicability of 24-h mean creatinine excretion values (a) DONALD Study: The DONALD (Dortmund Nutritional and Anthropometric Longitudinally Designed) Study is an open cohort study gathering information on diet, metabolism and development from infancy to adulthood in Caucasian healthy subjects since 1985. 25 The participants visit the DONALD Study Centre (formerly Research Institute of Child Nutrition, Dortmund, Germany) once a year for examinations and assessments. These include 24-h urine sampling, 3-day weighed dietary records, anthropometry, interviews on lifestyle and medical assessments. All examinations are performed with parental consent, and later on with the children's written consent.
For the present analysis using DONALD data, we undertook two steps:
1. We selected a random subsample from the DONALD Study of n = 100 20-29-year-old young adults (50 males) to calculate current 24-h creatinine excretions. Only 24-h urines collected after the year 2000 were considered for inclusion. Twenty-four-hour creatinine excretion was measured by the Jaffé method on a creatinine analyser (Beckmann-2; Beckman Instruments Inc., Fullerton, CA, USA). Exclusion criteria for an incompletely collected urine sample was a body weight-related 24-h creatinine excretion rate o 0.1 mmol/kg per day. 2. We tested the applicability of the presented 24-h creatinine excretion values for an appropriate 24-h analyte excretion estimation by separately determining analyte/creatinine concentration ratio in all available urines of young adults (20-29 years) from the DONALD Study (for further details, see the following section).
(b) DEGS Study: The German Health Interview and Examination Survey for
Adults (DEGS) is a nationally representative health survey of the adult population in Germany and is part of the health monitoring system at the Robert Koch Institute (RKI), Berlin, Germany. The concept and design of DEGS are described in detail elsewhere. 26 The first wave (DEGS1) was conducted from 2008 to 2011 and comprised interviews and physical examinations and tests. The target population comprised the resident population of Germany aged 18-79 years. The present analyses are based on data from DEGS1 participants for whom measurements of urinary iodine and creatinine in spot-urine samples were available (n = 6962). The DEGS Study was approved by the Ethics Committee of Charité, University Medicine, Berlin, Germany.
In the DEGS Study, we evaluated the applicability and appropriateness of different creatinine reference means to estimate 24-h iodine excretion rates from spot-urine samples in different body mass index (BMI) groups. In the urine samples of the DEGS Study, creatinine excretion was also measured by the Jaffé method (on the Architect platform CI 8200, Abbott, IL, USA).
Statistical analysis
All calculations were performed with SAS procedures (version 9.2; SAS Institute, Cary, NC, USA). Significance was defined as Po 0.05.
Descriptives of the 24-h creatinine excretion of the different study populations were presented as means, stratified by sex and 10-year age groups. Within the VERA data, the influence of age, sex, body weight, height and body composition (BMI) on 24-h creatinine excretion was investigated by linear regression models. As 24-h creatinine excretion was not normally distributed, all creatinine values were ln-transformed for the latter analysis.
The applicability of the 24-h creatinine mean values for the estimation of 24-h analyte excretion rates from separate analyte and creatinine concentration values (as frequently measured in spot-urine samples) was tested in a subsample of the DONALD Study (n = 176, 20-29 years old) for the analytes sodium and iodine. In detail, the calculation was performed as presented in Figure 1 .
RESULTS
Literature research
The literature research provided only three studies with suitable 24-h creatinine excretion values, that is, urinary 24-h creatinine measured in a sufficient number of persons and published by sex and age group 4, 27, 28 (Table 1 ). The means of the 24-h creatinine excretion values listed in Table 1 are presented graphically in Figure 2 (given in mmol/kg body weight), together with the newly calculated results of the VERA Study and the current data from the DONALD Study (data since 2000). Since in two publications, the ones of Kesteloot et al. and in the Milton Survey, creatinine excretion was only given as absolute values and not body weight-related, we used the respective additionally provided sex-and age-group-specific mean weight data of these articles to approximate 24-h creatinine excretion per kg body weight.
The data from the VERA Study, Kesteloot et al. and the Milton Survey showed a very good agreement. For the Kampmann data, this was only true in the youngest age groups (20-29 and 30-39 years); in the older age groups, 24-h creatinine excretion declined obviously disproportionally strongly, which was very likely because of the fact that in this study hospitalized patients were investigated. 27 Any disease, also those not affecting kidney function, can in the longer run reduce muscularity and thus creatinine excretion. The absolute creatinine excretion values of the compared studies provided a very similar picture (data not shown).
Twenty-four-hour creatinine excretion values: the VERA Study
The results of the linear regression analysis, investigating the most important influencing factors of 24-h creatinine excretion in the VERA Study, are presented in Table 2 . Sex, age, body weight and BMI confirmed to be significant predictors of creatinine excretion. Interestingly, in the univariable analysis, BMI was positively associated with creatinine excretion; in the multivariable analysis (i.e. adjusted for sex, age and body weight), BMI inverted to a significantly negative predictor of creatinine excretion.
In Table 3 , the respective mean 24-h creatinine values observed from the VERA Study are summarized, together with the prediction equation of 24-h creatinine excretion derived from the multivariable linear regression analysis given in Table 2 . The comparison of the predicted 24-h creatinine mean values (calculated from the prediction equation) revealed a good agreement with the observed values. We also investigated the role of the interaction term of the cross-product between body weight and BMI in the prediction equation as potential further predictor. The interaction term also showed a significant effect, had a negative sign, but only a R 2 of 2%. The use of the interaction term in the prediction of creatinine excretion did not affect the group prediction in a noteworthy manner. Thus, this term was left out of the prediction equation to simplify the application of the prediction approach.
To check the reliability of the creatinine excretion mean values and the prediction equation for the calculation of 24-h excretions from analyte/creatinine concentration ratios, we used a random subsample of the DONALD Study (n = 100, 20-29 years old, mean weight: ♂ 81.4 kg; ♀ 65.0 kg) with available measurements of creatinine, sodium and iodine in 24-h urines. The results are presented in Figure 3 . Both age group-stratified creatinine mean values (i.e. absolute as well as body weight related) and the prediction equation allowed a good estimation of the group means of 24-h iodine and sodium excretion from analyte/ creatinine concentration ratio with a deviation o 10% from the real 24-h excretion means.
As body weight and body composition are significant predictors of creatinine excretion, we finally aimed to investigate the relevance of BMI and/or body weight adjustment for analyte estimations, especially when analysing groups with very high or low BMI. Therefore, we evaluated the applicability of the different creatinine mean values (absolute and body weight related) and the equation, based on VERA, for their appropriateness to estimate 24-h iodine excretion rates from iodine to creatinine concentration ratios exemplarily in high and low BMI groups. This was performed in an actual population-based sample, that is, the representative German DEGS Study sample. A subsample of the DEGS Study (only male study participants) with very high and very low BMI values (three groups: underweight, overweight and obese) was selected to estimate 24-h iodine excretion from the spot-urine iodine concentrations; the results of this subsample analysis are given in Table 4 . The overall group mean of estimated daily iodine excretion did not differ considerably between the three different estimation approaches (113.3-118.9 μg per day). However, with regard to the estimates computed for the BMI strata, noteworthy differences occurred. With considering sex and age group only (i.e. using the observed creatinine excretion (mmol per day) in VERA Study; Table 3 ), the range of estimated iodine excretion between BMI strata was small (Table 4 ) compared with the respective estimated values that considered additionally body weight (creatinine excretion (mmol/kg per day)) or body weight and BMI (prediction equation) ( Table 4 ). The BMI term in the prediction equation reduced the range between low and high BMI strata from about 70 (μg per day) to 50 (μg per day). Considering the BMI term meant to adjust the predicted excretion of analytes for change in body composition with change in BMI.
DISCUSSION
In large epidemiological studies, the collection of spot-urine samples is much more common compared with the timeconsuming collection of 24-h urines. However, for nearly all urinary biomarkers (e.g. of nutrients, chemical or environmental exposure and so on), an evaluation of the probable (i.e. estimated) 24-h excretion level is required or at least useful. One approach tõ 24-h analyte excretions from concentration measurements is the correction with parallel creatinine measurements and subsequent scaling to population-appropriate 24-h creatinine reference means, as creatinine excretion is known to be relatively constant over 24-h. With the present data, we provide an overview on existing mean creatinine excretion values for Caucasians from young to old adulthood and introduce a simple and universally applicable, anthropometry (i.e. body weight and composition)-based tool to reasonably estimate mean 24-h excretions for various parameters and biomarkers from analyte and creatinine concentration measurements in spot-urine samples. When Vought and London in 1963 for the first time suggested creatinine adjustment for the estimation of the 24-h iodine excretion from single casual specimens of urine, 10 they only considered sex as a factor worth to be additionally considered: the authors assumed an average 24-h creatinine excretion of 1.7 g per day in males and 1 g in females as reference. The present data show (as has already been suggested in the past) 6,14 that furthermore age consideration is indispensable. All here presented creatinine excretion data decreased constantly with increasing age, even those, body weight adjusted. Nevertheless, on a mean level, the suggested 24-h creatinine excretion data from the 1960s 10 showed a nearly perfect agreement with those presented here for the age ranges (50-59 years)-(60-69 years): 15 mmol per day in males equals to 1.7 g per day creatinine; 10.5 mmol per day in females to 1.2 g per day.
Body composition (in the form of BMI) turned out to be one significant predictor of 24-h creatinine excretion. In the univariable analysis, BMI was positively associated with creatinine excretion; interestingly, when adjusting for body weight, this association became negative. In other words, at a comparable body weight, a higher BMI and therefore a higher fat mass, leads to a proportionally lower creatinine excretion over 24 h. Therefore, it is plausible that especially in those subjects who have a higher body weight mainly because of higher fat mass, the use of bodyweight-related creatinine values on average leads to an overestimation of real 24-h creatinine excretion and therefore skews the scaling. A corresponding statement has also already been given by Mage et al. 5 and was underlined by the results of our BMI-stratified subgroup analysis of DEGS participants: in overweight men, estimated iodine excretion was highest when the body-weight-related creatinine mean values were used. In this respect, our data suggested that at least in under-and/or overweight population(groups), both the absolute and the BMIadjusted prediction equation provide more robust 24-h analyte estimates compared with the body weight-related and may be used interchangeably. Unfortunately, we were not able to further proof this idea in the actual German DEGS data as no comparison with parallely measured real 24-h iodine excretions was possible.
In a subsample of 20-29-year-old participants of the DONALD Study, all presented creatinine excretion mean values (i.e. the ones observed in VERA and the prediction equation) provided a good agreement of estimated and real measured 24-h iodine and sodium excretion. The fact that also the use of the absolute creatinine values (mmol per day) yielded a good mean 24-h analyte excretion estimation is likely because of the nearly perfect agreement of the mean weight of the VERA and the DONALD populations (VERA: ♂ 80 kg; ♀ 66 kg vs DONALD: ♂ 81 kg; ♀ 65 kg).
Interestingly, all presented mean values of 24-h creatinine were very similar to each other, independent of the country where they were estimated (Germany, Belgium, New Zealand). This at least partly contradicts the opinion of, for example, the Pan American Health Organization that equations for the estimation of 24-h analyte excretion, which use creatinine, body weight, height, age and gender cannot be reliably extrapolated from one site/ population group to another. 29 However, as all herein examined people of the 24-h creatinine 'estimation countries' have been of European ancestry, the applicability of the presented creatinine mean values for other non-Caucasian populations must be questioned. The application of the 24-h creatinine values estimated by formulas from Tanaka and Kawasaki (which were developed from Asian populations) for calculations in the DONALD Study resulted in a considerable bias in mean estimated 24-h analyte excretion (up to 23%, data not shown). The same has already been observed in other European publications. 13, 30 The good agreement of the current DONALD 24-h creatinine excretion values with those presented and examined here in detail (VERA Study) underlines the actual suitability of the latter although the VERA Study has been performed more than 30 years ago.
The results of the present analysis additionally illustrate that for the interpretation of a population's nutrient status, the calculation of 24-h excretion estimates from concentration measurements by creatinine scaling is clearly superior to the evaluation of crude concentration measurements. Especially for the interpretation of iodine status, these calculations may have a decisive impact.
For decades, the method of choice for the determination of iodine status is measuring a population's median iodine concentration and comparing it to the cutoff of 100 μg/l that indicates iodine sufficiency. However, in the past years, critics have arisen, in how far, this generally accepted cutoff as indicator for iodine sufficiency, is valid over all age groups. 31, 32 Dependent on urine volume, simple iodine concentration measurements can be highly variable. In a very recent paper on iodine status of the German population, 33 it could be clearly shown that despite completely different median iodine concentrations in children and adults (117 vs 62 μg/l, measured in several thousands spot urines), both populations had a very similar median estimated iodine intake (calculated by creatinine scaling) when standardized to body surface area (107 vs 103 μg per day per 1.73 m 2 ). Without the creatinine scaling, which transforms the hydration-dependent concentration measurements to a (hydration-independent) 24-h excretion level, an obviously highly misleading conclusion would have been drawn, namely that in Germany, children are iodine sufficient while adults are mildly or borderline moderate iodine deficient (according to the criteria of the World Health Organization).
Nonetheless, the 24-h estimates should not be over interpreted. Even if our calculation of 24-h estimates in quartiles of actual 24-h excretions revealed a very good agreement over the whole range, the estimates may not be used for the characterization of an individual. Individual day-to-day variation of urinary excretions of a series of metabolites as well as of creatinine excretion itself will in most of the cases prevent an exact characterization of the individual. 34, 35 Another fact that can limit or even preclude the successful application of the creatinine scaling method is a possible circadian characteristic of the metabolites to be analysed. A spot-urine collection will always only give a short cut of the daily urine metabolome, and therefore also creatinine correction will not overcome the circadian rhythm. Accordingly, for example, the test of application of creatinine reference values in children did not work for the estimation of 24-h urinary cortisol excretion as the latter is highly affected by circadian rhythm and spontaneous increases in cortisol secretion. 17 The advantage of the here presented procedure to estimate 24-h analyte excretions by using 24-h creatinine reference means is that it is easy applicable, and that apart from sex, age, body weight (body height) and parallel individual creatinine concentration measurements, no additional information is essential. The creatinine mean values are universally applicable for various nutrients and parameters of exposure and do not need an additional metabolite-dependent adjustmentwhich is a clear advantage to, for example, nutrient-specific estimation formulas. 7, 18 Values are medians with the corresponding 95% confidence interval. a DEGS-German Health Interview and Examination Survey for Adults. b Estimated iodine excretion = iodine to creatinine concentration ratio × 24-h creatinine reference. c Derived from the age-specific creatinine excretion data (see Table 3 ) applied within the DEGS study population.
One clear limitation of our study was that we could only rudimentarily test the applicability of the mean creatinine values for 20-29 year olds. From the present data actually no definitive conclusion for the general applicability over all age groups is possible. However, based on the high analogy of the presented creatinine excretion data also in the older age groups, similar results like those for the 20-29 years should be expected. Furthermore, we only 'validated' concentration measurements and their 24-h excretion estimates with real 24-h excretions within the same urine samples. Therefore, it can be assumed that the respective validity of the 24-h creatinine scaling method may be a bit attenuated when comparing 24-h analyte estimates derived from true spot-urine samples with actually measured 24-h excretion.
CONCLUSION
The presented mean values of 24-h creatinine excretion provide a useful tool to estimate 24-h excretions from urinary analyte to creatinine concentration ratios in Caucasian populations. Body composition is an important influencing factor that has to be considered to prevent overestimations of the estimated 24-h analyte excretion values. For BMI-stratified subgroup analysis or populations with a higher proportion of overweight subjects, absolute creatinine values or the presented BMI-adjusted 24-h creatinine prediction equation do obviously provide more robust results than body weight-related creatinine values. According to the simple application and good estimate agreement as shown herein for iodine and sodium excretion, we propose to in future apply these reference means routinely in studies aiming at characterizing the nutrient status or a particular contaminant status of a population by means of respective analyte measurements in spot-urine samples.
